Modern medical linear accelerators (linacs) are often equipped with image guidance systems that are capable of megavolt (MV), kilovolt (kV), planar, or volumetric imaging. On Varian TrueBeam linacs, the isocenter accuracies of the imaging systems are calibrated with a procedure named IsoCal. On Clinac series linacs from Varian, installation of IsoCal is optional and the effects of IsoCal on the imaging systems can be turned on or off after the IsoCal procedure is performed. In this study, we report on the effectiveness of IsoCal in improving the coincidence of the image centers with the radiation isocenter, using an independent Winston-Lutz (WL) method to locate the radiation isocenter. A ball-bearing phantom was imaged with 2D MV, 2D kV, and cone beam computed radiography systems on two TrueBeam and two Clinac machines. Using the same phantom, digital WL tests with 16 combinations of gantry and collimator angles were performed to locate the radiation isocenter. The offsets between the IsoCal-calibrated image centers and the WL radiation isocenter were found to be within 0.4 mm on the four linacs in this study. When IsoCal was turned off, the maximal offsets of the image centers were greater than 1.0 mm on the two Clinac machines. The method developed in this study can be used as a vendor-independent quality assurance tool to assess the isocentricity of the image centers and radiation central axes. 
the lack of precision tools needed in evaluating the small, often submillimeter, deviations of the image centers from the radiation isocenter. The traditional IGRT QA method uses a cube phantom that is positioned at the mechanical isocenter using the room lasers. 5 The accuracy of this method is inherently limited due to the uncertainty in the room lasers. The recent Machine Performance Check (MPC) method is reported to have high accuracy; 12, 13 however, it is developed by the same linac vendor (Varian) and thus cannot be regarded as an independent QA method. In this study, we independently assess the effectiveness of the Varian IsoCal technique. We employ the digital Winston-Lutz (WL) test method, which has been demonstrated to have submillimeter accuracy. 4, 6, [14] [15] [16] This method measures the image center accuracies directly against the radiation isocenter. Unlike the traditional WL test, the digital WL test does not require a precision linear stage to adjust the phantom position iteratively to the radiation isocenter. Therefore, the digital WL test is simple and fast in terms of its phantom and the setup. A previous study used the digital WL test to verify the IsoCal effectiveness on Varian Clinac machines. 10 The study showed that IsoCal increased the coincidence between the 2D image centers and the radiation isocenter to within 0.6 mm.
The digital WL in that study used four gantry angles and a single collimator angle, that is, the collimator rotation was not considered.
In this study, we re-design the digital WL test by employing more gantry and collimator angles to achieve higher accuracy in localizing the radiation isocenter. We implement this method to evaluate the IsoCal effectiveness on Varian TrueBeam machines. Furthermore, we include the evaluation of CBCT image centers on both Clinac and TrueBeam machines in this study.
| MATERIALS AND METHODS

2.A | IsoCal on Varian clinac machines
The theory and procedure of IsoCal for Varian Clinac machines have been previously described. 10, 11 First, a cylindrical phantom containing 16 BBs was positioned at the mechanical isocenter using the room lasers. An aluminum plate with a steel pin was inserted in the gantry accessory slot. Four MV images of the phantom were and a CBCT scan of the phantom were obtained. Using these images and the Varian IsoCal software, the 2D MV, 2D kV, and CBCT images centers were localized relative to the radiation isocenter. The offsets of the image centers were used to create a system file in XML format. In subsequent imaging (MV, kV, or CBCT), the XML file was used to register an image center correction to the image's DICOM header. The correction was applied to the digital graticule when the image was displayed in the Varian OBI console, or in a third party software such as MOSAIQ (Elekta AB, Stockholm, Sweden). 
2.B | IsoCal on Varian TrueBeam machines
2.C | Digital Winston-Lutz test
The WL phantom included a tungsten sphere of 6.5 mm in diameter glued on an acrylic rod, which was screwed into an acrylic block (Fig. 1) . The phantom was placed on the treatment table and kept stationary during the entire image acquisition. The BB was placed near the linac isocenter (within ±3 mm in each direction) using the guidance of room lasers. The center of the BB was used a reference point to which the radiation isocenter and the image centers were localized. Thus, there was no need to place the BB exactly at the radiation isocenter. Two coordinate systems were used in this study.
The first coordinate system x-y-z was static with the origin defined at the BB center. The second coordinate system u-v was defined for the 2D MV and 2D kV images (Fig. 1) . The u-v coordinate system rotated with the MV source or the kV source. The origin of u-v coordinates was defined at the projection of the BB center on the imager. The values of u-v coordinates were scaled to the isocenter plane.
To locate the radiation isocenter using the WL method, the BB phantom was imaged with a 10 × 10 cm 2 square MV field shaped by the multi-leaf collimator (MLC). The images were acquired at eight gantry angles (225°, 270°, 315°, 0°, 45°, 90°, 135°, 180°) and two opposing collimator angles (90°and 270°). A total of 16 MV images were obtained to compute the location of the radiation isocenter. In previous studies, only 4 MV images (four cardinal gantry angles and one collimator angle 0°) were employed for simplicity. 6, 10 The use of opposing collimator angles in this study was intended to improve the accuracy of radiation isocenter localization.
The MV images were processed with an in-house MATLAB (MathWorks Inc., Natick, MA) program. The details of the algorithm were reported previously. 16 Briefly, the radiation field center in each MV image was located relative to the BB center. Then the 16 radiation CAX were reconstructed in the 3D x-y-z space. Finally the radiation isocenter was determined as the point that had the minimal average distance from all CAX. With eight gantry angles and two opposing collimator angles, the uncertainty in the resulting radiation isocenter was estimated to be less than 0.2 mm. 16 For each gantry angle and collimator angle, we also computed the distance of the radiation CAX to the WL radiation isocenter. The maximal and mean distances for the 16 radiation CAX were used to characterize the size of the isocenter sphere. The gantry sag was computed as the longitudinal (v or z direction) shifts of the CAX during the gantry rotation. The couch rotation is not considered in this study because | 485 EPID and kVD were used throughout this study). For example, there were 1024 pixels in the u-dimension of MV images. Assuming that each pixel was a small rectangle with no gap or overlap between its neighbors, the default image center position was located exactly between the 512th pixel and the 513th pixel [ Fig. 2(a) ]. The default image center position in the other dimensions was similarly defined.
2.D | IsoCal corrections to image centers
On Varian TrueBeam linacs, the image centers or digital graticules were defined at the default image centers.
On Varian Clinacs, if the IsoCal was enabled, the image centers needed to be corrected by an amount that was derived from the IsoCal calibration [ Fig. 2(b) ]. The amount of correction was found in the DICOM header of the acquired images. For 2D MV or kV images, the DICOM tag "X-Ray Image Receptor Translation" (IRT) defined the detector panel position. The IsoCal correction (Δ IsoCal ) was
where SID was the source-to-imager distance, SAD was the sourceto-axis distance, and the ratio SID/SAD was a scaling factor. For 
where θ t was the couch angle in degrees when the CBCT scan was acquired. If θ t = 0°, AcqIso′ = AcqIso. Third, the IsoCal correction was computed as
where FOV was the field-of-view, and ST was the slice thickness of the CBCT images.
The final IsoCal-corrected image center position was the sum of the default image center position and the IsoCal correction described above. After the BBs were detected in the MV, kV, or CBCT images, the image centers were localized relative to the BB center. Given the WL radiation isocenter position as determined from Section 2.C above, the image center offsets relative to the WL radiation isocenter could be easily computed.
2.E | Varian linacs evaluated
We 3 | RESULTS (Fig. 6) .
A useful by-product of doing the WL test is to quantitate the wobble of radiation fields. ters with collimator 0°were presumably due to the gravitational pull on the MLC leaves when the gantry was at 90°and 270°, or other oblique angles. This effect had also been observed in a previous study. 16 Therefore, the range of the WL isocenter variations with various collimator angles was approximately 0.2 mm for the Clinac and
TrueBeam linacs in this study. We estimated that the WL isocenter determined with collimator 90°and 270°would be roughly 0.1 mm higher than the "true" radiation isocenter if the collimator 0°data
were included in the analysis.
In IsoCal procedures, the MLC leaf positions were not used in isocenter localization. Thus, the gravitational pull on the MLC leaves had no effect on the IsoCal isocenter. This might partially explain the better image center vs WL isocenter coincidence in this study (collimator = 90°and 270°, no gravitational pull on the MLC leaves)
Offsets of radiation CAX from the WL radiation isocenter on Clinac1 (a), Clinac2 (b), TrueBeam1 (c), and TrueBeam2 (d). The measurements were made twice (circles and crosses). | 489 compared to the previous study (collimator = 0°, MLC leaves subject to gravitational pull). 10 Furthermore, we estimated that the IsoCal cor- in this study can be used as a vendor-independent QA tool to assess the isocentricity of the image centers and radiation central axes.
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